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2the asymptote (1) as a function of the normal incident
kinetic energy.
The long range attractive part of the interaction po-
tential between a neutral atom and the surface of a solid
is in general not homogeneous, but predicted to be well
described by the Casimir-van der Waals potential [6, 7]:







where l is the transition length between the two homoge-














at r  l due to the Casimir
eect [10].
This inhomogeneous potential yields two separate re-
ection coeÆcient asymptotes of the form (1), deter-








































The distance a denotes the position of the potential min-
imum and the constants B
n
, which enter in (1), are cal-
culated to amount B
4




















, where the reec-



















is characteristic for the atom-surface system in general







only the asymptote (3) can be






In order to measure the asymptote (4), determined
by the non-retarded van der Waals potential only, the













. In the entire validity range of (3)
and (4) for high energy QR, the incident atom is reected
relatively close to the surface. In the recent experiment
by Shimizu [7] exactly this asymptotic region was not
accessible, because the metastable Ne atoms they used
decay at the distance of some nm from the surface.
In this Letter, we report on the rst observation of QR
of neutral helium atoms from an -quartz crystaline sur-
face in the high energy limit. In this system the asymp-
totic behavior of the reection coeÆcient is determined
by the non-retarded van der Waals potential only.
The experimental results presented here are obtained
on an apparatus designed for surface studies, using the
novel atomic beam spin echo technique [11]. In this
machine, the nuclear magnetic moments of
3
He atoms
are manipulated, so as to obtain detailed information on
changes in the particle's energy before and after scatter-
ing [12]. For the data here, however, the actual spin echo
part of the
3
He spectrometer is of importance only in
as much as it allows us to determine the velocity distri-
bution in the beam precisely. The atomic
3
He beam is
produced in a 500 m diameter nozzle source, cooled by
a 4.2 K
4
He bath cryostat, and detected in a commer-
cial mass spectrometer with a saturation rate of 2 MHz.
The target crystal is mounted in the scattering cham-
ber, half way between source and detector, and can be
manipulated around the 3 Cartesian axes for incident an-
gle 
i
, in-plane and azimuthal orientation. The detector










dent beam [21]. Since the rotation axes of incident and
scattering angle are aligned to coincide, the specularly
reected He atoms can be followed directly in a so-called





Further details on the
3
He spectrometer will be presented
elsewhere [13].
The QR experiment is performed on an -quartz single
crystal having a diameter of 25 mm, a thickness of 1 mm





= 0:63 meV amounts to approximately
10 % of the He-quartz interaction potential well depth
V
0
= 9:6 meV, reported in literature [14]. The atomic
beam has a wavelength distribution with a relative width
of circa 20 % at an average de Broglie wavelength of 6

A.
AFMmeasurements, performed prior to chemical etching
of the quartz sample, indicate a randomly stepped sur-
face structure. The terrace width is of the order of hun-
dred nm and their height is Gaussian distributed with
width  12

A. Because of an atomic roughness within
the terraces, there is no specular reection from the re-





He atoms close to normal incidence
from the surface, no reectivity could be detected. How-






He specular intensity is measured. By increasing the
impinging angle, the incident kinetic energy of the atom















, this means a reduction
of the average normal energy from 6:9 eV down to 14







angular width of the reected peak at this grazing inci-
dence is machine limited. No broadening of the specular
peak, as measured for classical reection from stepped
surfaces [15], is observed. The coherence length (or trans-







is 0.2 m at normal incidence, and ranges from 2 m up
to 42 m for the angular range in which QR is measured.
The surface area illuminated by the atomic beam and
the fraction of atoms actually involved in the scattering
experiment depend on the incident angle. This was de-
termined in an independent measurement and taken into
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x
p
e
r
i
m
e
n
t
a
l
d
a
t
a
a
c
-
q
u
i
r
e
d
a
t
n
o
n
-
g
r
a
z
i
n
g
i
n
c
i
d
e
n
c
e
a
r
e
e
x
p
e
c
t
e
d
t
o
g
e
t
v
e
r
y
c
l
o
s
e
t
o
t
h
i
s
a
s
y
m
p
t
o
t
e
.
R
e
p
l
o
t
t
i
n
g
t
h
e
r
e

e
c
t
i
o
n
c
o
e
Æ
c
i
e
n
t
o
n
a
l
n
(
 
l
n
)
-
s
c
a
l
e
a
s
a
f
u
n
c
t
i
o
n
o
f
l
n
(
k
i
a
)
t
u
r
n
s
t
h
e
a
s
y
m
p
t
o
t
i
c
b
e
h
a
v
-
i
o
r
(
1
)
i
n
t
o
a
s
t
r
a
i
g
h
t
l
i
n
e
,
a
s
s
h
o
w
n
i
n
F
i
g
.
2
.
F
r
o
m
l
n
(
 
l
n
(
R
)
)
=
l
n
(
2
B
n
(

n
=
a
)
1
 
2
=
n
)
+
(
1
 
2
=
n
)

l
n
(
k
i
a
)
f
u
l
l
i
n
f
o
r
m
a
t
i
o
n
o
n
t
h
e
h
o
m
o
g
e
n
e
o
u
s
p
a
r
t
o
f
t
h
e
r
e

e
c
t
i
n
g
p
o
t
e
n
t
i
a
l
c
a
n
b
e
o
b
t
a
i
n
e
d
:
t
h
e
s
l
o
p
e
g
i
v
e
s
t
h
e
p
o
t
e
n
t
i
a
l
p
o
w
e
r
n
a
n
d
t
h
e
o
r
d
i
n
a
t
e
a
x
i
s
i
n
t
e
r
c
e
p
t
y
i
e
l
d
s
t
h
e
l
e
n
g
t
h
p
a
r
a
m
e
t
e
r

n
(
a
n
d
t
h
e
r
e
w
i
t
h
C
n
)
.
T
h
e
h
i
g
h
e
n
e
r
g
y
a
s
y
m
p
t
o
t
e
f
o
r
t
h
e
n
o
n
-
r
e
t
a
r
d
e
d
b
r
a
n
c
h
(
n
=
3
)
i
n
F
i
g
.
2
r
e
s
u
l
t
s
i
n
a
v
a
n
d
e
r
W
a
a
l
s
c
o
e
Æ
c
i
e
n
t
C
3
=
2
3
6
m
e
V
A
3
.
4-7
-6
-5
-4
-3
-2
-1
0
-1,0
-0,5
0,0
0,5
1,0
1,5
2,0
2,5
3,0
ln(-ln(R))
ln(k
i a)
F
I
G
.
2
:
R
e

e
c
t
i
o
n
c
o
e
Æ
c
i
e
n
t
o
n
a
l
n
(
 
l
n
)
-
s
c
a
l
e
i
n
d
e
p
e
n
-
d
e
n
c
e
o
n
l
n
(
k
i
a
)
.
F
u
l
l
c
i
r
c
l
e
s
a
n
d
s
o
l
i
d
l
i
n
e
c
o
r
r
e
s
p
o
n
d
t
o
t
h
o
s
e
i
n
F
i
g
.
1
.
T
h
e
s
t
r
a
i
g
h
t
s
o
l
i
d
l
i
n
e
o
f
t
h
e
s
l
o
p
e
1
=
3
s
h
o
w
s
t
h
e
h
i
g
h
e
n
e
r
g
y
a
s
y
m
p
t
o
t
e
(
4
)
w
i
t
h

3
=
3
4
7
A
.
T
h
e
s
t
r
a
i
g
h
t
s
o
l
i
d
l
i
n
e
a
t
s
m
a
l
l
l
n
(
k
i
a
)
,
w
h
i
c
h
h
a
s
s
l
o
p
e
o
n
e
a
n
d
t
h
e
o
r
d
i
-
n
a
t
e
a
x
i
s
i
n
t
e
r
c
e
p
t

l
n
(
2
:
4

3
=
a
)
f
o
r


1
:
9
[
6
]
,
r
e
p
r
e
s
e
n
t
s
t
h
e
l
o
w
e
n
e
r
g
y
a
s
y
m
p
t
o
t
e
.
K
u
n
c
e
t
a
l
.
[
1
4
]
c
a
l
c
u
l
a
t
e
t
h
e
p
o
t
e
n
t
i
a
l
p
o
w
e
r
n
t
o
v
a
r
y
f
r
o
m
3
.
8
t
o
6
w
i
t
h
i
n
t
h
e
d
i
s
t
a
n
c
e
r
<
5
0
A
.
T
h
e
i
r
p
o
t
e
n
-
t
i
a
l
f
o
l
l
o
w
s
(
2
)
w
i
t
h
t
h
e
g
i
v
e
n
p
a
r
a
m
e
t
e
r
s
o
n
l
y
a
t
t
h
e
d
i
s
t
a
n
c
e
s
<
1
0
A
f
r
o
m
t
h
e
s
u
r
f
a
c
e
.
T
h
i
s
i
s
p
e
r
f
e
c
t
l
y
c
o
n
-
s
i
s
t
e
n
t
w
i
t
h
t
h
e
a
u
t
h
o
r
s
n
o
t
i
n
c
l
u
d
i
n
g
r
e
t
a
r
d
a
t
i
o
n
i
n
t
h
e
i
r
m
o
d
e
l
.
A
s
a
n
i
n
d
e
p
e
n
d
e
n
t
c
h
e
c
k
o
f
t
h
e
r
e
s
u
l
t
i
n
g
a
t
t
r
a
c
-
t
i
v
e
p
o
t
e
n
t
i
a
l
t
h
e
p
a
r
a
m
e
t
e
r
s
f
o
r
t
h
e
p
o
t
e
n
t
i
a
l
m
i
n
i
m
u
m
w
i
t
h
a
n
d
w
i
t
h
o
u
t
r
e
t
a
r
d
a
t
i
o
n
a
r
e
c
a
l
c
u
l
a
t
e
d
.
T
h
e
l
a
t
t
e
r
s
h
o
w
a
g
r
e
e
m
e
n
t
w
i
t
h
i
n
3
%
w
i
t
h
t
h
e
v
a
l
u
e
s
g
i
v
e
n
i
n
[
1
4
]
.
I
n
c
o
n
t
r
a
s
t
,
p
o
t
e
n
t
i
a
l
p
a
r
a
m
e
t
e
r
s
c
a
n
p
r
i
n
c
i
p
a
l
l
y
n
o
t
b
e
d
e
r
i
v
e
d
f
r
o
m
t
h
e
n
e
a
r
-
t
h
r
e
s
h
o
l
d
E
i
!
0
a
s
y
m
p
t
o
t
e
[
6
]
o
n
a
l
n
(
-
l
n
)
-
s
c
a
l
e
(
t
h
e
l
o
w
e
r
-
l
e
f
t
s
t
r
a
i
g
h
t
l
i
n
e
i
n
F
i
g
.
2
)
i
n
a
s
i
n
g
l
e
e
x
p
e
r
i
m
e
n
t
o
n
l
y
.
T
h
i
s
s
t
r
a
i
g
h
t
l
i
n
e
a
l
w
a
y
s
h
a
s
s
l
o
p
e
o
n
e
,
i
n
d
e
p
e
n
d
e
n
t
o
n
t
h
e
o
r
d
e
r
n
o
f
t
h
e
i
n
t
e
r
a
c
-
t
i
o
n
.
M
o
r
e
o
v
e
r
,
i
t
s
o
r
d
i
n
a
t
e
a
x
i
s
i
n
t
e
r
c
e
p
t
i
s
a
f
u
n
c
t
i
o
n
o
f

[
2
2
]
.
I
n
c
o
n
c
l
u
s
i
o
n
,
g
r
o
u
n
d
s
t
a
t
e
3
H
e
a
t
o
m
s
a
l
l
o
w
e
x
p
e
r
-
i
m
e
n
t
a
l
a
c
c
e
s
s
t
o
t
h
e
h
i
g
h
e
n
e
r
g
y
b
e
h
a
v
i
o
r
o
f
q
u
a
n
t
u
m
r
e

e
c
t
i
o
n
f
r
o
m
t
h
e
a
t
t
r
a
c
t
i
v
e
p
o
t
e
n
t
i
a
l
t
h
e
y
s
e
n
s
e
f
r
o
m
a
n

-
q
u
a
r
t
z
s
u
r
f
a
c
e
.
W
e
c
o
n

r
m
t
h
e
h
i
g
h
e
n
e
r
g
y
a
s
y
m
p
t
o
t
i
c
e
x
p
r
e
s
s
i
o
n
g
i
v
e
n
b
y
(
1
)
a
n
d
s
h
o
w
t
h
a
t
i
t
i
s
d
e
t
e
r
m
i
n
e
d
b
y
t
h
e
n
o
n
-
r
e
t
a
r
d
e
d
v
a
n
d
e
r
W
a
a
l
s
p
o
t
e
n
t
i
a
l
o
n
l
y
.
D
e
v
i
a
-
t
i
o
n
o
f
t
h
e
e
x
p
e
r
i
m
e
n
t
a
l
d
a
t
a
f
r
o
m
t
h
i
s
a
s
y
m
p
t
o
t
e
s
h
o
w
s
t
h
a
t
t
h
e
i
n
t
e
r
a
c
t
i
o
n
p
o
t
e
n
t
i
a
l
n
e
a
r
t
h
e
s
u
r
f
a
c
e
f
a
l
l
s
o

s
t
e
e
p
e
r
t
h
a
n
a
p
u
r
e
v
a
n
d
e
r
W
a
a
l
s
p
o
t
e
n
t
i
a
l
.
T
h
i
s
i
s
d
u
e
t
o
t
h
e
i
n

u
e
n
c
e
o
f
C
a
s
i
m
i
r
f
o
r
c
e
s
e
v
e
n
a
t
t
h
e
d
i
s
t
a
n
c
e
o
f
3
0
A
a
b
o
v
e
t
h
e
s
u
r
f
a
c
e
.
O
u
r
a
n
a
l
y
s
i
s
,
b
a
s
e
d
o
n
t
h
e
c
o
m
p
l
e
t
e
t
h
e
o
r
y
o
n
Q
R
a
n
d
c
o
v
e
r
i
n
g
t
h
e
e
n
t
i
r
e
e
n
e
r
g
y
r
a
n
g
e
,
s
h
o
w
s
e
x
c
e
l
l
e
n
t
a
g
r
e
e
m
e
n
t
w
i
t
h
t
h
e
e
x
p
e
r
i
m
e
n
t
a
l
d
a
t
a
f
o
r
t
h
e
p
o
t
e
n
t
i
a
l
c
o
e
Æ
c
i
e
n
t
s
C
4
=
2
3
:
6
e
V
A
4
a
n
d
l
=
(
1
0

1
)
n
m
.
T
h
e
i
n
t
e
r
a
c
t
i
o
n
p
o
t
e
n
t
i
a
l
c
o
m
p
a
r
e
s
w
e
l
l
t
o
t
h
e
o
n
e
c
a
l
c
u
l
a
t
e
d
b
y
K
u
n
c
e
t
a
l
.
[
1
4
]
i
n
t
h
e
v
i
c
i
n
i
t
y
o
f
t
h
e
p
o
t
e
n
t
i
a
l
m
i
n
i
m
u
m
.
M
o
r
e
o
v
e
r
,
l
p
e
r
f
e
c
t
l
y
m
a
t
c
h
e
s
t
h
e
t
r
a
n
s
i
t
i
o
n
w
a
v
e
l
e
n
g
t
h
f
r
o
m
t
h
e
e
l
e
c
t
r
o
n
i
c
g
r
o
u
n
d
t
o
t
h
e

r
s
t
e
x
c
i
t
e
d
s
t
a
t
e
o
f
H
e
.
T
h
e
l
i
m
i
t
e
d
s
a
t
u
r
a
t
i
o
n
r
a
t
e
o
f
t
h
e
d
e
t
e
c
t
o
r
a
n
d
t
h
e
r
e
l
a
t
i
v
e
l
y
l
a
r
g
e
v
a
l
u
e
o
f

p
r
e
v
e
n
t
e
d
u
s
f
r
o
m
m
e
a
s
u
r
i
n
g
t
h
e
r
e

e
c
t
i
o
n
a
t
e
n
e
r
g
i
e
s
>
1
0
 
3
V
0
.
W
e
a
r
e
c
u
r
r
e
n
t
l
y
u
s
i
n
g
a
h
i
g
h
l
y
e
Æ
c
i
e
n
t
m
a
s
s
s
p
e
c
t
r
o
m
e
t
e
r
d
e
t
e
c
t
o
r
[
1
8
]
,
i
n
o
r
d
e
r
t
o
e
x
p
l
o
r
e
a
n
e
v
e
n
h
i
g
h
e
r
e
n
e
r
g
y
r
a
n
g
e
f
o
r
Q
R
w
h
e
r
e
t
h
e
i
n

u
e
n
c
e
o
f
t
h
e
r
e
p
u
l
s
i
v
e
w
a
l
l
b
e
c
o
m
e
s
v
i
s
i
b
l
e
.
W
e
a
r
e
g
r
a
t
e
f
u
l
t
o
t
h
e
K
o
n
r
a
d
-
A
d
e
n
a
u
e
r
-
S
t
i
f
t
u
n
g
f
e
l
-
l
o
w
s
h
i
p
f
o
r
s
u
p
p
o
r
t
i
n
g
t
h
e
w
o
r
k
o
f
V
.
D
.
[
1
]
V
.
L
.
P
o
k
r
o
v
s
k
i
i
,
S
.
K
.
S
a
v
v
i
n
y
k
h
,
a
n
d
F
.
K
.
U
l
i
n
i
c
h
,
S
o
v
.
P
h
y
s
.
J
E
T
P
3
4
,
8
7
9
(
1
9
5
8
)
.
[
2
]
N
.
T
.
M
a
i
t
r
a
a
n
d
E
.
J
.
H
e
l
l
e
r
,
P
h
y
s
.
R
e
v
.
A
5
4
,
4
7
6
3
(
1
9
9
6
)
.
[
3
]
C
.
H
e
n
k
e
l
,
C
.
I
.
W
e
s
t
b
r
o
o
k
,
a
n
d
A
.
A
s
p
e
c
t
,
J
.
O
p
t
.
S
o
c
.
A
m
.
B
1
3
,
2
3
3
(
1
9
9
6
)
.
[
4
]
C
.
C
a
r
r
a
r
o
a
n
d
M
.
W
.
C
o
l
e
,
P
r
o
g
.
S
u
r
f
.
S
c
i
.
5
7
,
6
1
(
1
9
9
8
)
.
[
5
]
R
.
C
o^
t

e
,
H
.
F
r
i
e
d
r
i
c
h
,
a
n
d
J
.
T
r
o
s
t
,
P
h
y
s
.
R
e
v
.
A
5
6
,
1
7
8
1
(
1
9
9
7
)
.
[
6
]
H
.
F
r
i
e
d
r
i
c
h
,
G
.
J
a
c
o
b
y
,
a
n
d
C
.
G
.
M
e
i
s
t
e
r
,
P
h
y
s
.
R
e
v
.
A
6
5
,
0
3
2
9
0
2
(
2
0
0
2
)
.
[
7
]
F
.
S
h
i
m
i
z
u
,
P
h
y
s
.
R
e
v
.
L
e
t
t
.
8
6
,
9
8
7
(
2
0
0
1
)
.
[
8
]
J
.
B
o
h
e
i
m
a
n
d
W
.
B
r
e
n
i
g
,
Z
.
P
h
y
s
.
B
4
8
,
4
3
(
1
9
8
2
)
.
[
9
]
V
.
L
.
P
o
k
r
o
v
s
k
i
i
,
F
.
K
.
U
l
i
n
i
c
h
,
a
n
d
S
.
K
.
S
a
v
v
i
n
y
k
h
,
S
o
v
.
P
h
y
s
.
J
E
T
P
3
4
,
1
1
1
9
(
1
9
5
8
)
.
[
1
0
]
H
.
B
.
G
.
C
a
s
i
m
i
r
a
n
d
D
.
P
o
l
d
e
r
,
P
h
y
s
.
R
e
v
.
7
3
,
3
6
0
(
1
9
4
8
)
.
[
1
1
]
M
.
D
e
K
i
e
v
i
e
t
,
D
.
D
u
b
b
e
r
s
,
C
.
S
c
h
m
i
d
t
,
D
.
S
c
h
o
l
z
,
a
n
d
U
.
S
p
i
n
o
l
a
,
P
h
y
s
.
R
e
v
.
L
e
t
t
.
7
5
,
1
9
1
9
(
1
9
9
5
)
.
[
1
2
]
M
.
D
e
K
i
e
v
i
e
t
,
D
.
D
u
b
b
e
r
s
,
M
.
K
l
e
i
n
,
C
.
S
c
h
m
i
d
t
,
a
n
d
M
.
S
k
r
z
i
p
c
z
y
k
,
S
u
r
f
.
S
c
i
.
3
7
7
-
3
7
9
,
1
1
1
2
(
1
9
9
7
)
.
[
1
3
]
M
.
D
e
K
i
e
v
i
e
t
,
D
.
D
u
b
b
e
r
s
,
a
n
d
C
.
S
c
h
m
i
d
t
,
t
o
b
e
p
u
b
-
l
i
s
h
e
d
i
n
P
h
y
s
.
R
e
v
.
A
(
2
0
0
2
)
.
[
1
4
]
J
.
A
.
K
u
n
c
a
n
d
D
.
E
.
S
h
e
m
a
n
s
k
y
,
S
u
r
f
.
S
c
i
.
1
6
3
,
2
3
7
(
1
9
8
5
)
.
[
1
5
]
G
.
C
o
m
s
a
a
n
d
B
.
P
o
e
l
s
e
m
a
,
i
n
A
t
o
m
i
c
a
n
d
M
o
l
e
c
u
l
a
r
B
e
a
m
M
e
t
h
o
d
s
,
e
d
i
t
e
d
b
y
G
.
S
c
o
l
e
s
(
O
x
f
o
r
d
U
n
i
v
e
r
s
i
t
y
P
r
e
s
s
,
1
9
9
2
)
,
p
.
4
7
3
.
[
1
6
]
I
.
E
.
D
z
y
a
l
o
s
h
i
n
s
k
i
i
,
E
.
M
.
L
i
f
s
h
i
t
z
,
a
n
d
L
.
P
.
P
i
t
a
e
v
s
k
i
i
,
A
d
v
.
P
h
y
s
.
1
0
,
1
6
5
(
1
9
6
1
)
.
[
1
7
]
i
n
C
R
C
H
a
n
d
b
o
o
k
o
f
C
h
e
m
i
s
t
r
y
a
n
d
P
h
y
s
i
c
s
,
e
d
i
t
e
d
b
y
R
.
C
.
W
e
a
s
t
(
F
l
o
r
i
d
a
,
1
9
7
9
-
1
9
8
0
)
.
[
1
8
]
M
.
D
e
K
i
e
v
i
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